Although a previous study [S. S. M. Hassan, M. A. Ahmed, M. M. Saoudi, Anal. Chem. 57 (1985) 1126.] had shown that a caffeine-sensitive electrode made with picrylsulfonate and 1-octanol as a cation-exchanger and a solvent mediator, respectively, had a wide working pH range (5.5-9.5) and exhibited a Nernstian response, we could not find such response in this electrode. The present result was reasonable, because the pK a value of caffeinium ion was reported to be around 0.7 and the neutral form of caffeine was predominant in the pH range examined. Thus, we reinvestigated the response characteristics of a caffeine electrode, taking into consideration the pK a value, and constructed a new This electrode showed a pH-dependent response to caffeinium ion and gave a detection limit of 50 μM with a slope of 55 mV per concentration decade at pH 2. The use of other solvent mediators was less effective than that of FNDPE. The electrode was applied for the determination of caffeine in some central stimulants.
was reasonable, because the pK a value of caffeinium ion was reported to be around 0.7 and the neutral form of caffeine was predominant in the pH range examined. Thus, we reinvestigated the response characteristics of a caffeine electrode, taking into consideration the pK a value, and constructed a new In 1985, Hassan et al. [1] constructed a caffeine-selective liquid membrane electrode using picrylsulfonate as a cation-exchanger and 1-octanol as solvent mediator. The electrode had a wide working pH range (5.5-9.5) and exhibited a
Nernstian response in the range of 10 -6 to 10 -2 M caffeine with a slope of 59 mV per concentration decade. This result was very strange, because the pK a value of caffeinium ion was reported to be around 0.7 [2] [3] [4] , and thus the neutral form was dominant in neutral pH region, according to an equilibrium equation between the protonated and the neutral form of caffeine shown in Fig. 1 . An ion-selective electrode, of course, should only respond to the ionic form and the result reported by Hassan et al. [1] , showing a response to the neutral form of caffeine, was questionable. Hence, we reinvestigated in detail the response characteristics of a caffeine-sensitive electrode, taking into consideration the pK a value. Although ion-selective electrodes respond to only ionic analytes as described above, the name of the neutral form of caffeine is conventionally used in this paper to describe the name of electrode, i.e., caffeine electrode [5] . Tesque (Kyoto, Japan). All other chemicals were of analytical reagent grade.
Electrode system
The caffeine electrode was constructed according to previously described procedures [6] [7] [8] [9] [10] [11] [12] . The components of the sensor membrane were NaHFPB (0.５ 
Evaluation of the electrode's performance
The detection limit was defined as the intersection of the extrapolated linear regions of the calibration graph [13] . The selectivity coefficients of the electrode ( ) were determined by a matched potential method [14] [15] [16] . We 
Results and discussion
Hassan et al. [1] used a combination of picrylsulfonate and octanol as a cation-exchanger and solvent mediator, respectively, to construct a caffeine-selective liquid membrane electrode. This electrode had a wide working pH range (5.5-9.5) and exhibited a Nernstian response in the range of 10 -6 to 10 -2 M caffeine with a slope of 59 mV per concentration decade. We constructed a caffeine electrode composed of the same components and examined the response characteristics over a wide pH range, as shown in Fig. 2 . In this 8 experiment, we adjusted the caffeine concentrations using caffeine hydrochloride (containing equimolar mixture of caffeine and hydrochloric acid) and changed the pH by adding an appropriate amount of dilute sodium hydroxide, as in the case of the previous study [1] . However, we could not observe any clear caffeine concentration-dependent response in the wide pH range examined. Hassan et al.
showed a Nernstian response to caffeine at around neutral pH in their report (Fig. 2 in the reference [1] ), but we could not observe such a response, as is also shown in Fig. 2 . The present result was quite reasonable, because the pK a value of caffeinium ion was around 0.7 [2] [3] [4] , and the neutral form was dominant in around pH 4-10 region examined.
In order to develop an effective caffeine electrode, it is important to find certain materials giving a stable electrode response even in the strongly acidic region. A cation-exchanger, HFPB, is quite suitable for this purpose, because such lipophilic borate analogs were reported to be very stable in the acidic region [20] . Furthermore, the use of a solvent mediator with a high degree of polarity, such as FNDPE, is known to increase the response to organic ammonium ions [6] [7] [8] [9] [10] [11] [12] . Thus, we used a combination of HFPB and FNDPE to construct a caffeine electrode. organic ammonium ion-sensitive electrodes made using HFPB and FNDPE [6] [7] [8] [9] [10] [11] [12] .
We then evaluated the selectivity coefficients of the electrodes (expressed as log ). These results indicate that the lipophilicity of the organic ammonium ions determines the selectivity sequence, which was characteristic of ion-exchanger-based ion-selective electrodes [21, 22] .
We examined the effects of solvent mediators (Fig. 5) . Firstly, we focused on 1-octanol, the solvent mediator previously applied by Hassan et al. [1] . This mediator has hydrogen bonding ability [11] , which may enhance the response to caffeinium ion. However, it did not show a good response to caffeinium ion, similar to the results of phosphate-type mediators with hydrogen-bonding ability for TEHP [25] , and ε = 6.1 for TCP [26] ). In contrast, the phenyl ether-type mediators with higher values of dielectric constants, NPOE (ε = 24 [23, 25] ) and FNDPE (ε = 50 [23, 25] ), showed enhanced responses; that of FNDPE was remarkable. In general, the selectivity of the electrode using ion-exchanger and solvent mediator is governed only by the partition coefficients of the ions between sensor membrane and sample solution, and the partition coefficients of organic ions can be increased by using solvent mediators with higher degrees of polarity, enhancing the response [21, 22] . Thus, the use of FNDPE was appropriate for improving the sensitivity to caffeinium ion, decreasing the interference from 11 inorganic ions.
We applied the proposed caffeine electrode for the direct determination of caffeine in a central stimulant composed of a mixture of caffeine (48.0-50.0 wt%) and sodium benzoate (50.0-52.0 wt%) [27] , named Annaca in Japan. These stimulants were diluted 1000-times in a solution adjusted to pH 2 by mixing 0.1 M HCl and 0.1 M MgCl 2 . The measurement at pH 2 was the best for the caffeine electrode as mentioned above, and the calibration graph is shown in Fig.   4 . The results of three replicate determinations of caffeine in three different samples with the present electrode and HPLC method are summarized in Table 1 .
Good agreement was seen between the results obtained by both methods, indicating that the caffeine electrodes developed in this work can perform satisfactorily.
Conclusions
A new caffeine-sensitive electrode was constructed using a combination of the cation-exchanger HFPB and the solvent mediator FNDPE. The electrode responded to caffeine, according to the pK a value. Using the electrode, we determined the caffeine concentrations in some central stimulants. 
